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Abstract 
The paper is discussing the results of works on preparation of refractory concrete based on aluminum-magnesia-phosphate 
binder. The modification of magnesia phosphate binder by aluminum allows increasing the stability of the binder, as well as the 
material working temperature. The choice of aluminum is based on the fact that aluminum-phosphate binders are the most 
refractory. Corundum manufacturing waste and used aluminum-chromium catalyst IM-2201 were used as aggregates. These are 
dispersed alumina industrial waste that does not require additional milling. The basic properties of aggregates have been tested. 
Heat-resistant phosphate cellular concrete with working temperature up to 1600qC was developed. Cellular concrete does not 
require heat treatment; its hardening is due to the exothermic reaction of aluminum metal and phosphate binder. The phase 
composition of the phosphate cement was investigated after curing and burning. The effect of aggregate type on phase 
composition was detected. The earlier formation of stable high-refractory aluminum phosphates was observed. The main 
refractory properties of the cellular concrete were tested. It is found that the obtained material is not inferior to cellular concrete 
with aluminum-phosphate binder. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
In recent years the development of new high-refractory materials for thermal insulation is very important task.  
These refractories improve the technical and economic performance of the furnaces and thermal units for different 
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purposes [1,2]. For this purpose there is a production of mainly small sized bricks made by foaming or by using of 
burning out additives (filings, polymer spheres and other organic materials) [3-5]. The properties of these materials 
are regulated in Russia National State Standard GOST 5040-96 “Refractory and high-refractory heat insulation 
lightweight products”. Lightweight products have an average density of 0,4 to 1,3 ɝ/sm3 and the maximum working 
temperature from 1150 to 1550qɋ depending on the composition. Production of these bricks is carried out by a 
complex, energy-extensive technology. It is associated with high energy consumption for drying and high-
temperature burning. 
Refractory cellular concrete is free from these drawbacks [6-11]. Cellular refractory concrete is made by aerated 
or foam concrete technology on the base hydraulic binders (alumina and high alumina cement) and chemical binders  
(water-glass, phosphoric acid, phosphate binders). On the base of refractory concretes it is possible to produce large-
sized products with a intricate shape, as well as the monolithic lining that do not require burning [2,12,13]. 
Refractory concrete properties depend mainly on the type of binder and fine refractory additives used for its 
manufacturing. The maximum working temperature of heat-resistant Portland cement-based concrete is about 900° 
C, water-glass-based – 1000-1200qC and alumina cement-based is up to 1300qC. 
Phosphate binders provide concrete with high mechanical and refractory properties, such as heat resistance. 
Increasing the working temperature of refractory concretes up to 1500qC has been achieved with using of  high-
alumina cement (HAC) and phosphate binders [12,13].  
In the temperature range of 1400-1600qC one of the most efficient thermal insulation materials is a heat-resistant 
phosphate-based cellular concrete. It does not require drying, its hardening is achieved by a self-spread exothermic 
reaction, it's possible to manufacture bricks of any shape and size of this material [13,14]. There are many 
compositions of this concrete, depending on binder:  phosphoric acid, aluminum-phosphate, magnesium-phosphate, 
aluminum-chromium-phosphate and other [13,14]. The widespread use of phosphate refractory concrete is limited 
by absence of available high-quality binders. Typically used aluminum-phosphate and chromium-phosphate binders 
are expensive, magnesium-phosphate one is low cost but tends to aging, its products of curing are low-melting 
[15,16]. A promising direction in the phosphate concrete technology is using of modified binders with improved 
properties, such as aluminum-chromium-phosphate, aluminum-boron-phosphate, magnesium-chromium-phosphate 
binders. One of the possible directions of cost reduction is improving the quality of magnesium-phosphate binders 
by adding  aluminum cations. As a result, stability is  increased, as well as heat-resistant properties of cellular 
concrete, because aluminum phosphates have high refractoriness [16-20]. The author obtained the stable aluminum-
magnesium-phosphate binders with degrees of substitution of 0,25-0,75. Active, interacting with phosphoric acid 
magnesium containing raw materials (periclase, caustic magnesite) allow obtain binder without heating,  due to the 
exothermic reaction. 
2. Materials and methods 
The following raw materials were used for bricks: 60% thermal phosphoric acid in accordance with Russia 
National State Standard 10678, magnesite powder with MgO content of not less than 75% by Magnesite corp. and 
aluminum hydroxide for aluminum-magnesium phosphate binder. Binders were prepared by the previously 
developed method [21]. The degree of substitution of the binder was 0.5. Such a binder is more effective. 
In the development of aerated concrete was used a foaming agent – aluminum powder PAP-2 in accordance with 
Russia National State Standard 5494. As aggregate is used waste products of electrocorundum manufacturing by 
Chelyabinsk Abrasive Plant corp. Besides, as an additive active fine aluminum-chromium catalyst IM-2201 is used 
by  "Kauchuk" company Standard 38.103544-89. This reduced the cost of the material. Additionally, the addition of 
used catalyst ensures the formation of more stable compounds (aluminum-chromium-phosphate composition). They 
have a low curing temperature as compared to the alumina-phosphate systems. 
Properties of the aerated concrete were tested by cube-shaped bricks (70 mm cube side). Brick hardening was 
conducted under normal conditions, without drying. The samples were prepared by sawing of hardened array. The 
samples were tested in 4 hours after swelling. Density, compressive strength, shrinkage, residual strength, 
coefficient of linear thermal expansion, thermal conductivity were determined by standard methods. Heat resistance 
was evaluated by air thermal cycles - heating up to 800qC and cooling in accordance with Russia National State 
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Standard 20910. The coefficient of linear thermal expansion at the temperature range of 20-1000qC was determined 
on the basis of linear deformations during re-heating. 
The number of samples in one batch was chosen in such a way, that a coefficient of variation would not exceed 
5%. The tests were performed using the experiment planning methods. The adequacy of the obtained models was 
evaluated by Fisher's criterion. The composition of hardening products were studied by derivatography and X-ray 
phase analysis. Refractoriness was determined in standard cones in accordance with Russia National State Standard 
4069. 
Table 1. The chemical composition of materials. 
Type of material The content of basic oxides, % 
Ⱥl2Ɉ3 SiɈ2 Cr2Ɉ3 TiɈ2 CaɈ MgɈ Fe2Ɉ3 ɋ K2O Na2O LOI 
Waste products of 
normal 
electrocorundum 
89.16 1.96 0.60 3.29 1.68 0.80 2.51 — — — — 
Used catalyst IM-
2201 71.60 12.03 12.10 — 0.70 — 1.30 — 0.76 0.32 1.19 
Table 2. Aggregate properties. 
Type of material Bulk density,       kg /m3 
Specific surface, 
cm2 / g 
Refractoriness,   
qɋ 
Waste products of 
normal 
electrocorundum 
1500 1100 2000 
Used catalyst IM-2201 1145 2145 1900 
3. Development and research of phosphate cellular concrete 
The mix was prepared on the base of aluminum-magnesium-phosphate binder, corundum aggregate and used 
catalyst IM-2201 by previously developed technology [21]. The composition was obtained with hardening without 
additional heat. The average density of cellular concrete is in range of 600-1000 kg / m3.  
It is known that properties of cellular phosphate concrete in the temperature range of 110-1400qC determined by 
the type of used binder, content of aggregates and similar for different densities of samples [2,13,21]. Since in our 
case the the content of aggregates was constant, and only one type of the binder was used, it was decided to confine 
detailed study of materials at an average density of 600 and 800 kg / m3. 
Compressive strength of cellular concrete with average densities of 600 and 800 kg / m3 in 4 hours after 
manufacturing is 1.2 and 2.4 MPa, respectively. After drying, it is increased to 1.5-2.6 MPa (Table. 3). The absolute 
value of the compressive strength of tested samples is quite different, but the trend of its change at heating, as 
expected, is the same. 
Table 3. Corundum cellular concrete strength at heating. 
The average 
density, kg / m3 
Compressive strength, MPa, when heated to a temperature, qC 
110 200 400 600 800 1000 1200 1400 1600 
600 1.52 
100 
1.40 
92 
1.41 
93 
1.40 
92 
1.52 
100 
1.81 
119 
1.64 
108 
1.34 
88 
1.17 
77 
800 2.65 
100 
2.57 
97 
2.57 
97 
2.60 
98 
2.65 
100 
2.70 
102 
2.57 
97 
2.39 
90 
2.12 
80 
 
Strength increase after drying at 110qC can be explained by removal of water, starting of the polymerization and 
hardening of amorphous phosphate and concrete hardening through the further curing process (interaction of 
partially un-reacted components). Subsequent slight decrease of strength to 92-97% of the original is due to 
processes of dehydration and recrystallization. By 1000qC the strength increases again (the formation of new stable 
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compounds) and up to 1600ºC slightly, but steadily decreased. The absence of strength increase at 1600qC can be 
explained by the fact that the sintering has not yet begun. 
At 800qC the residual strength is at the same level - 100%, and at maximum temperature of service it is quite 
high - 77-80%, which corresponds to the concrete based on similar aggregates and aluminum-phosphate binder [2]. 
Thermal resistance at an average density of 600 kg / m3 is 10-12 thermal cycles (Table. 2). 
Table 4. The properties of cellular concrete. 
ʋ Characteristic The average density, kg / m
3 
600 700 800 900 
1 Compressive strength after 4 hours after manufacture, MPa 1.21 1.87 2.42 1.81 
2 Compressive strength after drying, MPa 1.52 2.18 2.65 2.01 
3 Compressive strength after heating to the maximum temperature of using, MPa 1.17 1.98 2.12 1.93 
4 Temperature shrinkage at maximum working temperature, % -0.70 -0.76 -0.80 -0.71 
5 Residual strength at 800 qɋ, % 100 99 100 102 
6 Heat resistance at 800qC, air thermal cycles 10 23 30 30 
7 Refractoriness, qɋ 1770 1770 1770 1770 
8 The coefficient of linear thermal expansion in the range of 20 to 1000 qɋ, qɋ-1·10-6 7.3 7.56 7.86 7.89 
9 Maximum working temperature, qɋ 1500 1600 1600 1600 
 
The amount of shrinkage after drying is 0.3-0.5%. During heating up to 400qC there is some increase of 
shrinkage associated with dehydration of phosphates. At further heating there is a concrete positive linear size 
growth, which continues until 1000-1200qC, and then there is a negative shrinkage, presumably at the beginning of 
sintering. Volume increase of cellular concrete explained mainly by oxidation of the unreacted aluminum metal, and 
recrystallization processes. 
A preliminary study of the phosphate component of the cellular concrete let receive physical and chemical 
transformations that occur during the heating process in the range of 20-1400qC. It should be noted that the fine 
aggregates is not an inert concrete component and can interact with the free phosphoric acid contained in the binder. 
Accordingly, as a result of the reaction between the aggregates and the binder there is new compounds formation 
and behavior of the material at heating is complicated. 
To clarify the processes occurring in the heat-resistant concrete, physical and chemical studies were conducted. 
The object of the study was the mix containing the corundum as a aggregates, and 0.25-substituted aluminim- 
magnesium-phosphate as a binder. The mix was investigated after hardening and drying at 110qC. 
The three phases of  dehydration of phosphate component can be observed at Derivatogram (Fig. 1). The first ends 
at 130qC, the second is in the range of 1300-200qC, and at the third there is a gradual weight loss at 550qC. Fig. 2 
shows the X-ray pictures of the initial sample and those of heated at different temperatures. 
The X-ray phase analysis shows peaks attributed to corundum (belonging to D-Al2O3 and D-SiO2), aluminum metal 
(2,338 and 2,025 A) and two low intensity peaks (4,448 and 4,246 A), which may belong to the phosphate phase. 
Phosphate phase is in the amorphous state. The X-ray phase analysis of the sample heated to 125qC (the temperature 
of completion of the first dehydration stage) was almost identical to the original, so it is not given in Fig.2. 
After heating at 200qC peaks of the phosphate phase become more intensive. They belong to the quartz and 
AlPO4 tridimit. Heating at 550qC increases the content of these two phases. Consequently, in this temperature range 
there is the same phase change of composition as in pure aluminum-magnesium-phosphate binder. 
After heating to 1000qC phosphate phase has a different composition than the pure binder. There has been a 
phase change of AlPO4 (AlPO4 trydimite (o) cristobalite). The latter belongs to a intensive peak 4,092 A. That is, 
formation of cristobalite aluminum orthophosphate in cellular concrete on the basis of corundum waste occurs at a 
lower temperature than at the cured aluminum-magnesium-phosphate binder. The peaks of magnesium 
metaphosphate have disappeared, while peaks of orthophosphate have not yet emerged. 
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Fig. 1. Derivatogram of cellular concrete. 
 
Fig. 2. X-ray phase analysis of cellular concrete. 
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4. Conclusions 
1. The heat-resistant cellular concrete on the base of aluminum-magnesium-phosphate binder and corundum 
waste with an average density of 600-900 kg / m3 and working temperature of 1500-1600ºC was developed. 
2. It was established that during heating of the developed compositions there are no any destructive effects. The 
final products after heating to 1000 °C are stable refractory components. The phosphate cement stone 
comprises mostly D-Al2O3, AlPO4 (cristobalite) and AlPO4 (trydimite). 
3. It is shown that corundum aggregates make some adjustments to the temperature ranges of formation of 
phosphate phases. The formation of stable compounds occurs at a lower temperature. 
4. Residual strength of the material is at the level of similar cellular concretes on the base of other phosphate 
binders. In the range of considered temperatures it changes insignificantly. 
References 
[1] O.N. Popov, G.P. Lisovskaya, M.Ya. Bogomol'nyi, L.E. Krasnyi, V.A. Senatova, Calculation of the optimal variants of thermal insulation for 
glass-melting furnaces, Glass and Ceram. 41 (1984) 113௅115. 
[2] A.N. Abyzov, L.A. Kiryanova, Lightweight cellular and porous refractory concrete based on phosphate binding, Concr. and reinforced concr. 
12 (1981) 15௅16. 
[3] V.N. Sokov, V.V. Sokov, Modified corundum lightweight material based on crude unground alumina, Refr. and Ind. Ceram. 51 (2011) 343௅
344. 
[4] V.N. Sokov, Theoretical and technological principles of creating lightweight refractories reinforced by fine disperse refractory fibers, Refr. 36 
(1995) 109௅115. 
[5] V.N. Sokov, Modified heat-insulating refractories from clay-polystyrene mixtures, Refr. 36 (1995) 144௅148. 
[6] M.A. Ryss, V.I. Vasil'ev, P.M. Savchenko, G.I. Zaldat, E.V. Zalizovskii, A.N. Abyzov, Refractories for the lining of roof elements in closed 
ferroalloy furnaces, Refractories. 15 (1974) 210௅213. 
[7] V.A. Perepelitsyn, V.A. Koroteev, V.M. Rytvin, S.I. Gil’varg, V.G. Grigor’ev, V.G. Ignatenko, A.N. Abyzov, V.G. Kutalov, High-alumina 
technogenic raw material, Refr. and Ind. Ceram. 52 (2011) 84. 
[8] N.S. Bel’maz, Development of high-alumina ceramic concrete based on a composite binder, Refr. and Ind. Ceram. 51 (2010) 39௅41. 
[9] T.V. Kuznetsova, Physicochemical Principles of Producing High-Alumina Cement, Physicochemical and Technological Principles of Heat-
Resistant Concrete, Nauka, Moscow, 1986. 
[10] A.N. Abyzov, V.A. Perepelytsyn, V.M. Rytvin, V.G. Ignatenko, O.A.Klinov, Heat-resistant concrete based on aluminothermic slags of the 
Klyuchevskii Ferroalloys Plant, Refr. and Ind. Ceram. 48 (2007) 397௅400. 
[11] V.A. Abyzov, D.A. Rechkalov, S.N. Chernogorlov, Modified Binders from Aluminothermal Production Slags and Cellular Heat-Resistant 
Concretes Based on Them, Refr. and Ind. Ceram. 56 (2015) 386௅389. 
[12] M.G. Maslennikova, Lightweight heat-resistant concrete, Research in the area of heat-resistant concrete, Stroiizdat, 1981. 
[13] A.N. Abyzov, V.M. Rytvin, V.A. Abyzov, V.A. Perepelitsyn, V.G. Grigor’ev, Unroasted thermal insulating refractory materials based on 
high-alumina cement and phosphate binders, Refr. and Ind. Ceram. 52 (2011) 303௅306. 
[14] B.S. Bobrov, I.G. Zhigun, L.V. Kiseleva, A.N. Abyzov, L.A. Kiryanova, Phase composition of binder based on aluminophosphate 
cementing agent and changes in it on heating, J. Appl. Chem. 59 (1986) 2424–2428. 
[15] M.M. Sychev, Inorganic Adhesives, Khimiya, Leningrad, 1974. 
[16] P.P. Budnikov, L.B. Khoroshavin, Refractory Concretes with Phosphate Binders, Metallurgy, Moscow, 1971. 
[17] W.D. Kingery, Fundamental study of phosphate bonding in refractories I, Literature review, J. Am. Ceram. Soc. 33 (1950) 239–241. 
[18] W.D. Kingery, Fundamental study of phosphate bonding in refractories II, Cold-setting properties, J. Am. Ceram. Soc. 33 (1950) 242–247. 
[19] V.A. Kopeikin, V.S. Klement'eva, F.D. Rein, The use of alumochrome phosphate binder in ferrous metallurgy units, Metallurgist. 21 (1977) 
57௅58. 
[20] A.P. Luz, D.T. Gomes, V.C. Pandolfelli, High-alumina phosphate-bonded refractory castables: Al(OH)3 sources and their effects, Ceramics 
International. 41 (2015) 9041௅9050. 
[21] V.A. Abyzov, A.N. Abyzov, Cellular refractory concrete based on phosphate bonds and aggregates of wastes production and processing of 
aluminum, Refr. and Tech. Ceram. 4௅5 (2015) 69௅73. 
